Abstract. α1-antitrypsin (AAT) has been recognized to be associated with lung adenocarcinoma metastasis. However, the mechanisms by which AAT promotes tumor metastasis remain to be investigated. Herein, we first examined AAT expression in a panel of formalin-fixed paraffin-embedded tumor tissues from 88 lung adenocarcinoma patients undergoing curative resection, using immunohistochemical methods. Lung adenocarcinoma patients with high AAT expression showed a significantly shorter overall survival compared to those with low AAT expression by Kaplan-Meier method (P= 0.008). High AAT expression was also identified as an independent prognostic factor by Cox regression analysis (adjusted hazard ratio: 2.05; P=0.04). Second, the role of AAT in lung adenocarcinoma cell migration was evaluated in vitro using wound healing and Transwell assays, by transfecting the lentivirus vector with interfering sequence or coding sequence of AAT. The migration property of A549 and SPC-A1 cells was significantly diminished by downregulating AAT expression. Conversely, the migration of both cell lines was significantly increased through upregulating AAT. Furthermore, AAT could increase the expression of fibronectin (FN). FN down regulation reversed AAT-induced promotion of adenocarcinoma cell migration. Third, a cancer cell/endothelial cell co-culture model was established to investigate the effect of AAT on adenocarcinoma cell adhesion using immunofluorescence examination. The results showed that downregulation of AAT inhibited adhesion between lung adenocarcinoma cells and human umbilical vein endothelial cells whereas upregulation of AAT promoted adhesion, which may attribute to interactions between FN and integrin α5. Finally, AAT also showed the regulation effect on the metastatic behavior of lung adenocarcinoma cells in a mouse model, which may be through regulating FN expression. This study suggested that high AAT expression might be a negative prognostic marker for lung adenocarcinoma. AAT promoted lung adenocarcinoma metastasis, whose functional target may be FN. Our findings provide new insight into the mechanisms of lung adenocarcinoma metastasis.
Introduction
Adenocarcinoma has gradually become one of the most common pathological types of lung cancer. In clinical practice, most lung adenocarcinoma patients eventually suffered relapse and/or metastasis even when receiving complete excision of the cancer (1) . Metastasis is the main cause of death in patients with lung adenocarcinoma (2) . However, the underlying molecular mechanisms of cancer metastasis remain poorly understood.
α1-antitrypsin (AAT), also called serine proteinase inhibitor A1 (Serpin A1), is the most abundant serpin in human plasma. It is encoded by the protease inhibitor gene (SERPINA1) locus on the long arm of chromosome 14 (14q31-32.3). A major physiological role of AAT is to protect the lung from the destructive effects of excess uninhibited neutrophil elastase. It was shown that the serum levels of AAT were higher in cancer patients than in healthy controls (3, 4) . Additionally, AAT has been found involving in the distant metastasis of lung adenocarcinoma (5) . However, the mechanisms by which the increase of AAT promotes cancer metastasis remain undefined.
During the course of metastasis, cancer cells experience detachment, migration, invasion and adhesion. These key steps are inter-related and are affected by various biochemical factors. Fibronectin (FN) is one of the most abundant adhesion proteins and synthesized mainly by hepatocytes. Most FN circulates in the bloodstream as plasma FN while various cells also secrete FN, named cellular FN. Some malignant epithelial cells can produce FN and in some epithelial tumors FN was found upregulated (6, 7) . FN plays an important role in cell growth, differentiation, migration and adhesion (8) (9) (10) . FN could be recognized by various cell adhesion receptors, including integrins and dipeptidyl peptidase IV (DPP IV). Integrins, which are members of a glycoprotein family, are the most well characterized receptors for FN. They are composed of α and β subunits with non-covalent bonds connected to each other. There are at least 24 different integrin heterodimers that are dimerized by at least 19α and 8β subunits and each integrin has distinct ligand binding and signaling properties (11) . Endothelial cell surface express integrins which could recognize and are activated by ligands in the extracellular environment (12) . Integrin α5 is encoded by the ITGA5 gene, which may mediate FN assembly (13) . DPP IV is a 110-kDa type II transmembrane sialoglycoprotein and its expression has been identified in various epithelial tissues including lung capillary endothelial cells (14) (15) (16) . A major function of the DPP IV/FN adhesion has been reported in the colonization of the lungs by blood-borne cancer cells (17) .
α1-antitrypsin promotes lung adenocarcinoma metastasis through upregulating fibronectin expression
In this study, we investigated the prognostic effect of AAT expression on lung adenocarcinoma overall survival. Subsequently, we identified the effects of AAT on lung adenocarcinoma metastasis in vitro, specifically on cancer cell migration and the adhesion between cancer cells and vascular endothelial cells. The effects of FN in these processes were also explored by modulating its expression levels. Finally, we studied the influence of AAT and FN on metastatic colonization of lung adenocarcinoma cells in vivo.
Materials and methods

Clinical samples.
Patients who underwent curative surgery and were diagnosed with lung adenocarcinoma in the department of thoracic surgery, Nanjing Drum Tower Hospital, the Affiliated Hospital of Nanjing University Medical School (Nanjing, China) between January 2003 and December 2009 were retrospectively reviewed. Eighty-eight patients with full medical records and follow-up information were identified and their formaldehyde fixed and paraffin embedded (FFPE) lung adenocarcinoma tumor tissues were collected. None of the 88 patients received radiation therapy or chemotherapy prior to surgery. The detailed information of the patients is shown in Table I . This study was approved by the Institutional Review Board and the Ethics Committee of Nanjing Drum Tower Hospital and written informed consent was obtained from each patient.
Immunohistochemistry. Adjacent 3-µm sections of FFPE samples were made for immunostaining. Each paraffin section was deparaffinized through dimethylbenzene and rehydrated by graded alcohols. After rehydration, antigen retrieval of the tisssue was carried by pressure cooking the slides with citric acid buffer (pH 6.0 for 1 min). Rabbit polyclonal anti-human AAT antibody (1:100, Abcam, Cambridge, MA, USA) was used. AAT expression status was evaluated by two independent pathologists who were blinded to patient clinical characteristics (J. Yang and K. Meng). Five visual fields of each sample were randomly observed and 100 tumor cells in each field were counted (x400 magnification). Tumor cells with brown cytoplasm were considered positive and the staining intensity was rated as four classes: 3+, strong; 2+, moderate; 1+, weak; and 0, no staining. Positively stained cells out of 100 tumor cells in each field were recorded. The average percentage of positive tumor cells was categorized into the following four classes: 0 for 0%; 1 for 1-33%; 2 for 34-66%; and 3 for 67-100%. The scores of positive cell percentage and staining intensity were multiplied and composite scores of 1-3 were defined as low AAT expression, while scores of 4-9 were considered high AAT expression.
Cell lines. Human lung adenocarcinoma cell lines (A549 and SPC-A1) and human umbilical vein endothelial cell (HUVEC) were purchased from the Cell Bank of Chinese Academy of Medical Science (Shanghai, China) and maintained in our laboratory. A549 and SPC-A1 cells with stable green fluorescent protein (GFP) expression (A549/GFP and SPC-A1/GFP) were established in our laboratory through transfecting tumor cells with GFP expressing vector. All cell lines were cultured and maintained in recommended growth medium at 37˚C in a 5% CO 2 humidified atmosphere. Real-time RT-PCR. Total cellular RNA was extracted from A549 and SPC-A1 cells after transfecting with targeted gene interfering sequences (pLenti-shRNA-AATi or pLenti-shRNA-FNi) or coding sequence of AAT, respectively, using TRIzol (Invitrogen, Waltham, MA, USA). Subsequently, real-time RT-PCR was performed to determine AAT and FN expression in the StepOne System (Life Technologies, Carlsbad, CA, USA). RNA was also extracted from HUVEC after transfecting with targeted gene interfering sequences (pLenti-shRNA-ITGA5i or pLenti-shRNA-DDP IVi) and realtime RT-PCR was performed to determine integrin α5 and DPP IV expression, respectively. Relative gene expression was determined by the ∆∆Ct method (∆∆Cq) based on glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels (18) , and results were expressed as fold change over different conditions.
Western blotting. After A549 and SPC-A1 cells were transfected with either pLenti-AAT or pLenti-shRNA-AATi, total cell protein were extracted from cells using RIPA buffer with proteinase inhibitors (Beyotime, Jiangsu, China) and then resolved by SDS-polyacrylamide gel electrophoresis and transferred to PVDF membranes. Membranes were blocked by 5% skim milk for 1 hour and incubated with rabbit poly-clonal anti-human AAT antibody (1:100, Abcam) overnight at 4˚C, followed by incubation with appropriate HRP-conjugated secondary antibody at optimized concentration. The densitometry of western blot results was measured using ImageJ software (https://imagej.nih.gov/ij/).
Immunofluorescence studies. In order to demonstrate the influence of AAT on FN expression and observe the adhesion between adenocarcinoma cells and HUVECs under various conditions, immunofluorescence was applied to detect the AAT and FN expression levels in tumor cells and CD31 in HUVECs, with 4',6-diamidino-2-phenylindole (DAPI) for nuclear staining. Rabbit anti-human FN antibody and rabbit monoclonal anti-human CD31 antibody (1:200, Abcam) were used. Rabbit polyclonal anti-human FN antibody (1:100, Abcam) was applied with a FITC conjugated rat anti-rabbit secondary antibody and rabbit monoclonal anti-human CD31 antibody (1:200, Abcam) was applied to identify the HUVECs with a Cy3 conjugated rat anti-rabbit second antibody.
Wound healing and Transwell assay. The migration ability of adenocarcinoma cells was determined by wound healing assay and Transwell assay. AAT expression levels in lung adenocarcinoma cells were modulated by pLenti-AAT or pLenti-shRNA-AATi. Human lung adenocarcinoma cells (A549 and SPC-A1) were cultured in 6-well culture plate (2.5x10 5 per well) for 24 h until 90% confluent. Wound line was created by scratching the plates with a 20 µl micropipette tip. Migration rate of tumor cells was calculated by the following formula: healing rate = (the distance before healingthe distance after healing)/the distance before healing x100%, in which the distances of gaps were recorded at identical point.
Transwell chambers (8 µm pore size, Costar, Fisher Scientific, MA, USA) were also applied. Cells suspended in 100 µl of medium (1x10 5 cells) were placed into the top chamber and 600 µl conditioned medium was added to the bottom well. Cells adherent to the upper surface of the membrane were removed using a cotton applicator after 24 h incubation. After fixation in ice cold acetone, cells on the bottom surface of membrane were stained with 0.4% violet crystal, and counted by microscopy.
Cell adhesion examination.
To analyze the effect of AAT on adhesion of lung adenocarcinoma cells to vascular endothelial cells, a cancer cell/endothelial cell co-culture model was established. First, HUVECs were seeded on sterile cover glasses and cultured in 6-well plates with endothelial cell growth medium and growth supplement (Sigma). When HUVECs on cover glasses grew to confluent, all the cover glasses were transferred into new 6-well plates. At the same time, single cell solutions of A549/GFP and SPC-A1/GFP cells were collected and seeded into 6-well plates in which cover glasses with confluent HUVECs had been placed. After 2 h co-culture, the cover glasses were collected and washed with PBS, followed by fixation in cold acetone for immunofluorescence examination.
Expression levels of AAT and FN in tumor cells and expression levels of integrin α5 and DPP IV in HUVECs were modulated by lentiviral-mediated deliveries of coding sequence or interfering sequence.
Animal models. T cell deficient BALB/c nude mice (CByJ. Cg-Foxn1 nu /J) were purchased from Model Animal Research Center of Nanjing University. Animal use and experiment protocol were approved by the Institutional Animal Care and Use Committee of Nanjing Drum Tower Hospital. All surgery was performed under anesthesia with pentobarbital sodium and ketamine. Animals were sacrificed by overdose of anesthetics.
Cancer cells (A549 and SPC-A1, respectively) with AAT upregulation or AAT downregulation were cultured and injected through lateral tail vein of nude mice (female, 4-6 weeks old) with a total cell number of 1x10 6 per mouse. Mice were divided into following six groups: 1) normal control (NC) in A549; 2) AAT upregulation alone in A549; 3) AAT upregulation followed by FN downregulation in A549; 4) NC in SPC-A1; 5) AAT upregulation alone in SPC-A1; 6) AAT upregulation followed by FN downregulation in SPC-A1. A total of six mice in each group were used. Two months after injection, total lung tissues of mice were collected and embedded in paraffin. The whole lung tissues were analyzed by consecutive sections and hematoxylin and eosin (H&E) staining. Lung metastasis loci were counted by microscopy.
Statistical analysis. Differences between clinicopathological variables and AAT expression levels were examined by Chi-square test or Fisher's exact test if any sample number <5. AAT promotes the migration ability of lung adenocarcinoma cells in vitro by regulating FN expression. AAT expression level was significantly higher after transfecting with the AAT coding sequence pLenti-AAT; while it was significantly lower after transfecting with the AAT interfering sequence pLentishRNA-AATi, in both A549 cell line and SPC-A1 cell line ( Fig. 2A and B) . The effect of AAT on FN expression was investigated by immunofluorescence, which showed that FN expression increased upon upregulation of AAT expression while decreased upon downregulation of AAT expression in both A549 cell line ( Fig. 2C and D) and SPC-A1 cell line (data was not shown). These findings demonstrated that regulating AAT expression could affect FN expression in lung adenocarcinoma cells. Wound healing assay and Transwell assay then were used to examine the effects of AAT and FN on adenocarcinoma cell migration ability. First, A549 and SPC-A1 cells were transfected with pLenti-AAT or control vectors respectively. The results of the wound healing assay showed that the migration rate of adenocarcinoma cells with AAT upregulation was significantly higher than that of parental cells transfected with control vectors (P<0.01, Fig. 2E) . Similarly, AAT downregulation impeded wound healing rate of adenocarcinoma cells (P<0.01, Fig. 2F ). Second, to examine whether adenocarcinoma cells with higher AAT expression contribute their increased migration ability to FN, FN expression was inhibited by transfecting Lenti-shRNA-FNi in lung adenocarcinoma cells with AAT upregulation. We found that FN downregulation could reverse the increased migration induced by AAT up regulation in adenocarcinoma cells (P<0.05, Fig. 2E ). Furthermore, Transwell assay was performed. As shown in Fig. 2G and Fig. 2H , the transmigration ability of A549 were significantly increased when transfected with pLenti-AAT, compared to the control group (P<0.01). Conversely, the cells showed decreased transmigration upon trasfection of pLenti-AATi. In addition, when FN expression was inhibited, the transmigration rate significantly decreased even though AAT was upregulated, compared to those without FN interference (P<0.01). If both FN and AAT expression levels were inhibited, A549 cells showed further decreased transmigration compared to those with only AAT inhibited (P<0.05). Similar results were also observed in SPC-A1 cells (P<0.01). These findings indicate that the effect of AAT on lung adenocarcinoma cell migration might be related to the expression of FN.
AAT promotes adhesion between lung adenocarcinoma cells and vascular endothelial cells through regulating FN expression.
To gain further insight into the underlying molecular mechanism by which AAT promotes lung adenocarcinoma metastasis, a cancer cell/endothelial cell co-culture model was established. As indicated in Fig. 3A , more GFP-positive A549 cells adhered to HUVECs when AAT was upregulated (P<0.01). However, downregulation of AAT did not further inhibit adhesion between A549 cells and HUVECs compared to those with the control vector. Additionally, the adhesion of A549 cells to HUVECs significantly decreased if their FN expression was impaired, compared to those with AAT upregulation alone (P<0.01). These results suggest that the promotion effect of AAT on the adhesion ability of lung adenocarcinoma cells to endothelial cells might be through the effect of FN. Similar results were also observed in SPC-A1 cells (Fig. 3D) .
The functions of FN receptors on vascular endothelial cells were further examined by RNA-interference-based studies. Two reported receptors of FN, integrin α5 and DPP IV, were inhibited in HUVEC, respectively. As indicated in Fig. 3B , downregulation of integrin α5 inhibited adhesion between GFP-positive A549 cells and HUVECs (P<0.01). However, when DPP IV was knocked down in HUVECs, the adhesion between A549 cells and HUVECs were not significantly inhibited (P>0.05, Fig. 3C ). Similar results were also observed in SPC-A1 cells (Fig. 3D) . Collectively, these results suggest that FN may be a functional target of AAT, which is responsible for AAT-mediated adhesion between lung adenocarcinoma cells and endothelial cells.
AAT promotes metastasis of lung adenocarcinoma in vivo.
To further confirm whether AAT could promote the metastatic behavior in vivo, A549 cells with AAT overexpression were injected into nude mice through the tail vein. As shown in Fig. 4A , the number of lung metastatic loci in the AAT overexpression group was remarkably higher compared to the NC group (P<0.05). We further examined the effect of FN on lung colonization of A549 cells by downregulating FN expression in addition to upregulating AAT expression in immunocompromised nude mice. Results showed that downregulation of FN could induce decreased lung metastasis even though AAT was upregulated (Fig. 4A, P<0.05) . Similar results were observed in SPC-A1 cells (Fig. 4B, P<0.05) . The results indicate that AAT could significantly promote the metastasis of lung adenocarcinoma cells in the nude mouse xenograft model, which may be through regulating FN expression.
Discussion
In this study, we investigated the effect of α1-antitrypsin (AAT) on lung cancer metastasis. We found that AAT expression was associated with overall survival in resected lung adenocarcinoma. Furthermore, we identified that AAT was able to promote migration and adhesion of lung adenocarcinoma cells through enhancing the expression of FN. In the experiment with nude mouse xenograft model, AAT upregulation could significantly promote metastasis of lung adenocarcinoma cells, while FN downregulation could reverse the promotion effect. These results suggested that AAT may be a therapeutic target for lung adenocarcinoma metastasis.
Metastasis is the most critical complication of malignancies and remains a big challenge to the effective treatment for lung adenocarcinoma. Our understanding of the molecular mechanisms regarding lung adenocarcinoma metastasis is still incomplete. AAT is a glycoprotein synthesized primarily by hepatocytes, with smaller amounts synthesized by intestinal epithelial cells, neutrophils, pulmonary alveolar cells, macrophages, and cancer cells (19, 20) . AAT has long been recognized as an important anti-protease which protects the lung from the destructive effects of major proteases such as neutrophil elastase. In recent years, AAT has gradually been found to have an impact on lung cancer metastasis. Increased serum AAT concentration was a poor prognostic marker for non-small cell lung cancer (21) . In this study, we demonstrated that AAT expression in tumor tissue was a prognostic marker for lung adenocarcinoma patients, with higher expression associated with shorter overall survival. Our immunohistochemistry results showed a positive correlation between AAT expression and the frequency of regional lymph node involvement, suggesting that AAT overexpression could be important for the remodeling process during lung adenocarcinoma development and metastasis. However, the molecular mechanism of Figure 5 . The mechanism by which α1-antitrypsin promotes metastasis of lung adenocarcinoma. Lung adenocarcinoma cells might increase the concentration of α1-antitrypsin around tumor cells, and thereafter decrease the degradation of fibronectin on tumor cells. α1-antitrypsin was able to promote metastasis of lung adenocarcinoma cells mediated by the combination of fibronectin (on tumor cells) and integrin (on microvessel endothelial cell) which might be the key procedure for extravasation of tumor cells. AAT influencing cancer metastasis has still not been completely defined. The migratory ability of cancer cells is one critical parameter of the metastatic cascade. Our findings demonstrated that AAT overexpression could promote migration of lung adenocarcinoma cells, but this promotion effect could be reversed by FN downregulation. FN plays key roles in promoting oncogenic transformation and has been associated with cell migration and invasion in various malignancies, including lung cancer (22, 23) . Digiacomo et al found that FN stimulated the migration of murine or human macrophages and the activation of SFK/FAK complex, while the macrophage migration depended on FAK activity (24) . This phenomenon may be extended to explain the effect of FN on tumor cell migration. FN could interact with the integrins and then lead to the activation of many signaling pathways, including c-Met/FAK/Src and FAK-PI3K/Akt pathways, which regulate cancer cell adhesion and migration (25, 26) . Mitra et al suggested that FN may bind integrin α5β3 on cancer cells and subsequently activate the FAK/ Src-dependent signaling pathway (27) . FN could stimulate the secretion of MMP-9 through the MEK1/ERK and the PI-3K/Akt-dependent pathways in breast cancer cells, thereby triggering invasion of tumor cells (28) . Thus, FN may be a significant factor in the process of AAT promoting migration of lung adenocarcinoma cells.
We have examined the mRNA levels of FN in lung adenocarcinoma cells (A549 and SPC-A1) after upregulation or downregulation of the AAT expression. There was no significant correlation between mRNA levels of FN and AAT in the two cell lines. As a result, AAT might regulate the expression of FN through an indirect way. As indicated in Fig. 2 , FN protein was upregulated in both cytoplasm and surface of lung adenocarcinoma cells after upregulation of AAT. We hypothesized that AAT could prevent degradation of FN intraand extra-adenocarcinoma cells. It has been widely accepted that the physiological role of AAT is to inhibit the destructive effects of excess uninhibited neutrophil elastase (19) , which means that AAT could prevent degradation of FN through inhibiting proteases.
Once tumor cells are circulating, they are in a suspended state and require additional cellular activities to enable their colonization in distant organs, which is mostly initiated by adhesive interactions with the endothelium. In the present study we showed that the adhesion between lung adenocarcinoma cells and vascular endothelium was regulated by expression levels of AAT and FN. FN could adhere to integrin α5 expressed on the endothelium. The specificity of integrin α5/FN adhesion was confirmed by reduced adhering ability when lung adenocarcinoma cells were treated with integrin α5 interfering sequence. Interactions between FN and integrins play important roles in cancer metastasis (29) . Through specifically binding to integrins, such as α5β1 or α5β3, FN may activate multiple signal pathways, and then regulate malignant cellular metastasis (30, 31) .
In our study, however, DDP IV failed to show significant effect on adhesion between adenocarinoma cells and endothelial cells. Some studies disclosed that the integrinbinding domains located in FN were different from the DPP IV-binding sites, indicating that they may operate in a different manner (32, 33) . DPP IV might not be an indispensable receptor for FN in mediating adhesion between lung adenocarcinoma cells and endothelial cells.
As stated above, our results offered a scheme by which AAT facilitates lung adenocarcinoma metastasis. As shown in Fig. 5 , lung adenocarcinoma cells may express high levels of AAT. As AAT is the most abundant proteinase inhibitor within the lung, it may inhibit the proteolytic activity of proteinases targeting at FN, and recruit more FN overexpressed on the surface of cancer cells. This situation may further increase the adhesion of adenocarcinoma cells to endothelial cells through FN interacting with integrins. Binding of FN to integrins may not only serve as a way for cell adhesion, but also generate the traction needed for cell migration.
Noteworthy, it has been shown that AAT could have an antiapoptotic role in alveolar cells (34) . Under certain conditions, inhibition of apoptosis in lung tissue by AAT may become a pathological mechanism that leads to lung cancer development and metastasis. On the other hand, AAT could be produced by various tumor cells. Therefore, one can speculate a link between tumor cell propensity to produce and secrete AAT and tumor progression or metastasis. Additionally, AAT may mediate immune tolerance (35) , and might help cancer cells escape immune surveillance to metastasis. FN up regulation has been found in several types of malignant tumors and its high expression positively correlates with metastasis (36, 37) . AAT may modulate the expression of FN through signaling pathways. This may represent crosstalk that is of prognostic relevance in lung cancer. The association between FN and AAT needs further research.
In conclusion, our study explored the mechanisms by which AAT promotes lung adenocarcinoma metastasis and identified the effect of FN during the processes. Our findings offer useful information for an understanding of the mechanisms of lung adenocarcinoma metastasis.
